Mitochondria are semiautonomous organelles that contain double-stranded (α-helix) circular DNA molecules (mtDNAs) of about 16300 to 16500 base pairs (bp). The mtDNA encodes only 13 proteins, 22 tRNAs and 2 rRNAs. Up to 95% of proteins involved in biogenesis and functions of mitochondria are encoded by the cell nucleus. The copy number of mitochondrial genome in a typical mammalian somatic cell ranges from approximately 2 × 10 3 to about 5 × 10 3
, whereas the number of mtDNA molecules in a single mature (Metaphase II) oocyte is about 1.6 × 10 5 in mice, 2.5 × 10 5 in cattle and 3-8 × 10 5 in humans. In the procedure of somatic or embryo cell cloning (nuclear transfer), mitochondria of nuclear donor cells, together with the nucleus, are transplanted to the enucleated recipient oocyte (ooplast). Thus, the cloned embryo should harbour the mtDNAs from both the donor cell and the recipient oocyte. In cloned animals, mitochondria are inherited primarily from recipient oocytes, and mitochondria from donor cells appear to be rapidly eliminated during the first few cleavage divisions and are almost undetectable by the blastocyst stage. This selective segregation of the donor mitochondrial genome, which takes place in the preimplantation development of nuclear transfer-derived embryos, leads gradually to cellular mtDNA homoplasmy. Only in some cases does the mitochondria originating from both donor cells and recipient oocytes coexist (the so-called mtDNA heteroplasmy). When cloning both embryos and adult individuals, what is often forgotten is the presence in the cytoplasm of donor-and recipient-cells of mtDNA. This contains small (approximately 0.01%) amounts of total cell genetic information, but it is different from information recorded in the nuclear DNA (99.99% of cellular genome). Thus, introduction of donor cell nucleus into the oocyte derived from another individual leads to generation of hybridic (in terms of genetic mitochondrial material) reconstructed oocytes, which can have a certain influence on the genotype and phenotype identity of offspring produced as a result of cloning. The "ideal" clone can be obtained only with donor cell nucleus transplanted into the oocyte originating
INTRODUCTION
Cloned mammals produced by nuclear transfer (NT) are genetic duplicates of the donor cell nuclear genome. Because, in the somatic cell nuclear transfer procedure foreign (allogeneic) mitochondria are introduced into the enucleated recipient oocyte, clonal offspring may not be genetically identical (monogenetic) to the donor cell mitochondrial genome (Evans et al., 1999; Takeda et al., 1999 Takeda et al., , 2003 Steinborn et al., 2000; St. John et al., 2004b) . In other words, although cloned individuals share the same nuclear DNA, they do not have the same genomic copies of somatic mtDNA. They are not consequently the faithful replicas of their progenitory "prototype-donor" of somatic cell nuclei. Moreover, recipient oocytes are usually collected from ovaries of slaughtered females, enabling a strong selection for high-quality cytoplasts. However, such oocytes are of unknown cytoplasmic maternal origin. Therefore, if nuclear recipient ooplasts are not derived from the same maternal lineage as the donor nuclei a high level of mitochondrial genotype heterogeneity often occurs in clonal embryos and resultant offspring as a result of the variability (polymorphism) of specific mtDNA nucleotide sequences (Plante et al., 1992; Campbell, 1999a,b; Steinborn et al., 1998b; Hiendleder et al., 1999 Hiendleder et al., , 2004 Smith et al., 2000) .
EFFECT OF OOCYTE RECONSTRUCTION METHODS ON THE DISTRIBUTION OF mtDNA HETEROPLASMY IN NUCLEAR TRANSFER-DERIVED EMBRYOS
At present, the most common embryo reconstruction techniques are nuclear transfer followed by electric pulse fusion of cytoplast (enucleated Metaphase II oocyte) with somatic cell (cattle: Cibelli et al., 1998 , Wells et al., 1999 , Skrzyszowska et al., 2000 , Kato et al., 2000 sheep: Wilmut et al., 1997 , McCreath et al., 2000 goats: Baguisi et al., 1999 , Keefer et al., 2001 pigs: Koo et al., 2000 , Polejaeva et al., 2000 , Boquest et al., 2002 , Yin et al., 2002 , Skrzyszowska and SAMIEC M. Samiec, 2005 or the use of a suspension of inactivated Sendai virus (HVJ) particles with an accurately defined number of haemagglutination activity units (mice: Kato et al., 1999 , Ono et al., 2001 horses: Li et al., 2002) . Also used frequently are the procedures of microsurgical nuclear transfer, involving both direct karyoplast (cell nucleus with residual, perinuclear protoplasmic "ring" i.e. perikaryon) injection into the cytoplasm of an enucleated oocyte (pigs: Onishi et al., 2000 , Roh and Hwang, 2002 , Samiec et al., 2003a ,b, Skrzyszowska et al., 2003 , Skrzyszowska and Samiec, 2004 mice: Wakayama et al., 1998 cattle: LachamKaplan et al., 2000 , Do et al., 2002 , Galli et al., 2002 horses: Choi et al., 2002) , and whole cell intraooplasmic microinjection (pigs: Lee et al., 2003b) . However, in the nuclear transfer technique by somatic cell-cytoplast couplet electrofusion or by whole cell intracytoplasmic microinjection, heteroplasmic sources of mtDNA from a donor cell and an enucleated recipient oocyte are mixed in the cytoplasm of the reconstituted embryo ( Figure 1) . Therefore, the oocytes reconstructed by cell fusion or microsurgical transfer of whole nuclear donor cells are allomitochondrial cybrids harbouring somatogenic mtDNA (Hiendleder et al., 1999 (Hiendleder et al., , 2004 Steinborn et al., 2000 Steinborn et al., , 2002 Meirelles et al., 2001; Gomez et al., 2003; Lee et al., 2003; St. John et al., 2004b) . It is beyond any doubt that donor to recipient heteroplasmic ratios of the mitochondrial genotype in clonal embryos depend, to a high degree, on the phenotype and size of the nuclear donor cells (Takeda et al., 2003;  Figure 1 ). For instance, in vitro cultured embryonic stem cells, fibroblast cells or cumulus and mural granulosa cells contain higher intracytosolic concentrations of mitochondria than freshly isolated cumulus cells. Similarly, cytoplasm of whole cells includes a greater mitochondria pool than a thin layer of perinuclear cytosol in the karyoplasts prepared from somatic cells before the procedure of manual or piezo-driven direct nuclear microinjection into cytoplasm of recipient oocytes (Figure 2 ; Steinborn et al., 1998a,b; Yamazaki et al., 1999; Wakayama and Yanagimachi, 2001; Brüggerhoff et al., 2002; Chen et al., 2002; Chung et al., 2002; Do et al., 2002; Roh and Hwang, 2002; Lee et al., 2003; Samiec et al., 2003b; Samiec, 2004; Takeda et al., 2003) . Mitochondrial DNA heteroplasmy is similarly induced during the fertilization process as a result of the spermatozoon, which has a small number (approximately 50-75) of mtDNA molecules, entering the mature oocyte (Hecht et al., 1984; Smeitink et al., 2001; Vissing, 2002, 2003; Sutovsky, 2004) . Figure 1 . Distribution of donor cell-derived mtDNAs in nuclear transfer oocytes reconstructed by somatic cell-ooplast couplet electrofusion or whole cell intracytoplasmic injection Figure 2 . Distribution of donor cell-descended mtDNAs in nuclear transfer oocytes reconstituted by intracytoplasmic injection of somatic cellderived karyoplasts. The proportion of nuclear donor mtDNA copies in the clonal cytoplasmic hybrids (cybrids) may be related to the quantity of somatic cell cytoplasm present post reconstruction of enucleated oocytes (Do et al., 2001 (Do et al., , 2002 Roh and Hwang, 2002; Takeda et al., 2003) THE STRUCTURE AND FUNCTIONS OF mtDNA -NUCLEAR-MITO-CHONDRIAL INTERGENOMIC COMMUNICATION Quantitative and qualitative control of gene expression by nucleo-cytoplasmic interactions. Mammalian mtDNA is a double-stranded (α-helix) circular molecule of about 16 300 to 16 500 base pairs (bp), the genetics of which differs from that of the nuclear genome (Gray, 1989; Saccone and Sbisa, 1989; Lightowlers et al., 1997; Chinnery and Turnbull, 1999; Clayton, 2000; Jansen, 2000a) . In the naked, histone and non-histone protein-deprived molecule of mtDNA, which is the carrier of only 37 genes, cytoplasmic (maternal) hereditary information is recorded. This information involves 13 translation products out of approximately 80 proteins taking part in the oxidative phosphorylation process (I, III, IV and V complex; II complex does not contain the polypeptides encoded in the mtDNA).
It also involves about 24 transcription products, including 22 types of transporter RNA (tRNA) engaged in the biosynthesis of the above-mentioned 13 proteins on the mitochondrial ribosomes (mitoribosomes), as well as about 2 types of ribosomal RNA (rRNA) molecules -12 S in the small, and 16 S in the large mitoribosomal subunit (Clayton, 1984; Smith et al., 2000; Trounce, 2000; Van Garesse and Vallejo, 2001; Smeitink et al., 2001; Blerkom, 2004) . Nevertheless, the genetic information about the structure and types of hundreds of other proteins, present in the mitochondria, such as other residual protein components of the respiratory chain (the electron transport chain), the enzymes related to mtDNA replication, transcription and translation, the vital mtDNA transcription factors, and all ribosomal proteins is encoded in the nuclear DNA, whose singlestranded fragments are transcripted to messenger RNA (mRNA) molecules in the cell nucleus. In turn, in the cytosol, nucleotide sequences of mRNA are translated to amino acid sequences of the polypeptide chains of nuclear gene products. Only after this are the proteins synthesized outside of mitochondria translocated (imported) by way of an active (energy-dependent) transport into the intermembrane space and mitochondrial matrix (Ghivizzani et al., 1993 (Ghivizzani et al., , 1994 Clayton, 1998) . They are also accumulated in the mitochondrial crests of inner mitochondrial membrane (above all inside the oxysomes/ electron transport particles including the factors coupling ATP synthesis with proton diffusion F 0 F 1 , i.e. H + -transporting ATP synthetase and ATPase complexes (Capaldi, 1990; Leonard and Schapira, 2000; Trounce, 2000; Cummins, 2001b; Smeitink et al., 2001; Van Blerkom, 2004) . The ultrastructural construction of mitochondria is consequently a result of close cooperation between two really independent protein biosynthesis systems, the cytoplasmic translation system encoded by the nuclear genetic apparatus and the intramitochondrial translation system (Clayton, 1998 (Clayton, , 2000 . The mitochondrial compartment provides only 13 protein products of mtDNA gene expression, including: 1. cytochrome b; 2. three subunits of cytochrome c oxidase (COXI, COXII, and COXIII genes) for the IV complex of the electron transport chain; 3. two subunits of ATP synthetase, constituting the V complex of electron transport chain (atp 6 and 8 genes); and 4. seven subunits of NADH dehydrogenase (ndh 1, 2, 3, 4, 4L, 5, 6 genes) . All the translation products programmed in the mitochondrial genome are components of polyprotein complexes of the respiratory chain, but the polypeptides formed inside of the mitochondrial matrix represent hydrophobic parts ("tails") of these complexes, which are anchored deeply and fast in the inner mitochondrial membrane (Anderson et al., 1981; Clayton, 1984; Capaldi, 1990; Pfanner and Neupert, 1990; Smith and Alcivar, 1993; Christodoulou, 2000; Clayton, 2000; Hoekstra, 2000; Garesse and Vallejo, 2001; Chinnery, 2004) .
The role of the so-called displacement loop (D-loop) or control region (CR) in the mitochondrial genome -the D-loop-related induction of mtDNA heteroplasmy.
In the mtDNA structure there is an unusual concentration (close packing) of coding segments (exons). As a rule, there are no vacant places between genes. The only unique fragment, in which there are no genes -the socalled displacement loop (D-loop), is a region that contains regulatory/non-coding (intron-like) sequences responsible for initiation of replication and transcription processes of the mitochondrial genome (Clayton, 1984 (Clayton, , 2000 Attardi, 1985) . This region includes two shorter segments, known as hypervariable/hypermutable segments, which differ from individual to individual. The strands of mtDNA are named H (heavy-weight) and L (light-weight), respectively. In the H chain genetic information is recorded about sequences of 12 proteins and 14 tRNA molecules, and in the L chain, about sequences of 1 protein and 8 tRNA molecules (Anderson et al., 1981; King and Low, 1987; Gray, 1989; Saccone and Sbisa, 1989; Barritt et al., 1999; Hoekstra, 2000; Howell et al., 2000; Jansen, 2000a; Trounce, 2000; Garesse and Vallejo, 2001) . Another characteristic feature of mtDNA is that gene (point) mutations are accumulated in it much more frequently than in the nuclear (genomic) DNA. This probably results from lower efficiency of the mitochondrial DNA reparation system, and also from greater frequency of semiconservative autoreplication of mutated mtDNA molecules (shorter molecules of mtDNA, formed as a result of large nucleotide deletions are duplicated more quickly than molecules of correct size). An additional factor favouring the induction of mutation (mutagenesis) can be the influence of free radicals (ROS; reactive oxygen species) arising in the oxidative phosphorylation process. The result of many mutations is, among others, high variability/mutability of sequences observed in the control region (CR) also known as the D-loop (Attardi, 1985; Capaldi, 1990; Chinnery and Turnbull, 1999; Leonard and Schapira, 2000; Smeitink et al., 2001; Chinnery, 2004) . This segment of about 1274 bp is found between genes of proline tRNA and phenylalanine tRNA and contains operon for H strand replication (O H ) and transcription promotors of H chain (purine-rich) and L strand (pyrimidine-rich); (Clayton, 1984 (Clayton, , 1998 (Clayton, , 2000 Attardi, 1985; Ghivizzani et al., 1993 Ghivizzani et al., , 1994 Cummins, 2001a Cummins, , 2002 . In spite of many important functions the D-loop in mtDNA still has a striking pattern of nucleotide substitution and is useful for evolutionary investigations of genetic variations (identification of the mtDNA polymorphism; Greenberg et al., 1983; Gray, 1989; Hoekstra, 2000; Jansen, 2000a) . Moreover, it is worth adding that the lower stream, of heavy-strand replication origin, is the most variable region in the D-loop (Saccone and Sbisa, 1989; Horai and Hayasaka, 1990; Barritt et al., 1999; Clayton, 2000; Howell et al., 2000; Trounce, 2000; Brenner, 2004) . For that reason, it is widely used for studying the mtDNA heteroplasmy phenomenon.In summary, the cellular mtDNA heteroplasmy derived from spontaneous mutations (including deletions, insertions and duplications) of mtDNA is a consequence of polymorphic variation of regulatory sequences in heterogeneous displacement loop variants (Takeda et al., 1997; Christodoulou, 2000; Clayton 2000; St. John et al., 2004a; Sutovsky, 2004) . The rule, in nuclear DNA polymorphism studies, is the homogeneity of its sequences in all of the somatic cells of one organism. By contrast, in the case of mtDNA the heteroplasmy occurs. Therefore, both correct and mutated (gene mutation-affected) mtDNA molecules can be present inside a single mitochondrion, and also between different mitochondria of the same cell (Capaldi, 1990; Barritt et al., 1999; Chinnery and Turnbull, 1999; Jansen, 2000b; Garesse and Vallejo, 2001; Schwartz and Vissing, 2003) . Although heteroplasmic transmission of mtDNAs leads to accumulating the multiple rearranged copies of the extranuclearly inherited genome (the so-called polymorphic mitotypes) in individual mitochondria of somatic cells, only a single mtDNA copy is found in those of the meiotic Prophase I dictyotene-arrested oocyte derived from primordial ovarian follicle (Lightowlers et al., 1997; Jansen and de Boer, 1998) . The dictyotene oocytes from primordial follicles contain approximately 10 mitochondria. In turn, the mtDNA molecules within them are clonally amplified from early oogenesis and acquirement of meiotic competence by oocytes released from meiotic block at germinal vesicle (GV) stage up until complete cytoplasmic, nuclear and epigenomic maturation at metaphase II stage of meiosis (Smith and Alcivar, 1993; Marchington et al., 1997; Jansen and de Boer, 1998) . This autoreplicative expansion/proliferation results in more than 10 5 copies being present in those oocytes deemed capable of fertilization and maintaining embryonic development (Cummins, 1998; Reynier et al., 2001 ). It appears that mtDNA heteroplasmy is unstable and rapidly tends to become cellular homoplasmic condition by random cytoplasmic distribution of extranuclear genetic material during early oogenesis (the so-called "bottleneck" effect). This genetic "bottleneck" event in the meiotic dictyotene-arrested oocytes is postulated to occur in a limited number of homogeneous (mutation-free) mtDNA copies (the restriction to a few genome fractions deprived of mtDNA rearrangements) that are selected for clonal expansion (induction of replicative activity) during oocyte development (Jenuth et al., 1996; Smith et al., 2002) . This "bottleneck" mtDNA selection is thought to be proceeded by random genetic drift and/or non-directed segregation promoting the homoplasmic transmission of mitochondrial genome Poulton, 1995) . Therefore, high degree of mtDNA heteroplasmy distribution shifts quickly to a decrease in the frequency of extranuclear genomic rearrangements during oocyte growth and after germinal vesicle breakdown (GVBD). If a limited number of mtDNA contains rearrangements (gene mutations) in single oocytes, there would most likely be no adverse effect on the amount of ATP being produced. The presence of any rearranged mtDNA copies may not be meaningful, especially if one assumes that mutated mitochondrial genome is not replicated. In fact, this may be a possible mechanism for selective elimination of the damaged mitochondria from the ooplasm. However, if a larger copy number of mtDNA contains structural and functional rearrangements there may be detrimental effects on ATP synthesis, and a higher probability of mutated extranuclear genetic material being selected for autoreplication during clonal proliferation (Poulton, 1995; Jenuth et al., 1996; Reynier et al., 2001; Smith et al., 2002) .
THE CAUSES OF mtDNA HETEROPLASMY INDUCTION IN SOMATIC AND EMBRYO CELL NUCLEAR TRANSFER
Nuclear transfer embryos produced by standard cell electrofusion have a high level of mitochondrial heteroplasmy (Figure 1 ), because they are cytoplasmic hybrids (somato-gametogenic cybrids), from the biological (cytological) point of view (Steinborn et al., 1998a (Steinborn et al., ,b, 2002 Evans et al., 1999; Do et al., 2001 Do et al., , 2002 Hiendleder et al., 2003 Hiendleder et al., , 2004 St. John et al., 2004a,b) . "Mitochondrial deposits" of cytobiochemical energy and extranuclear (cytoplasmic) genetic apparatus can occupy in up to 12% of the cytosol volume of somatic donor cells. Most somatic cells contain approximately 10 3 mitochondria (Giles et al., 1980; Barritt et al., 1999) . The actual amount depends on such factors as their cell's metabolic activity and intracellular spatial organization (configuration) of cytoskeleton and membrane skeleton microfilament network; also their ultrastructuro-functional specialization within the framework of both cytodifferentiation and exactly defined tissue-and organ-related histological topography and tissue-specific nuclear DNA and mtDNA gene expression (transcriptional activity) patterns (Moyes et al., 1998; Garesse and Vallejo, 2001; Gahan et al., 2001; Smeitink et al., 2001; Miller et al., 2003; Takeda et al., 2003) . In most types of somatic cells that are the source of nuclear donors in the cloning procedure, the number of mtDNA molecules ranges from about 2 × 10 3 to about 5 × 10 3 copies, i.e. a proportion of 1-10 molecules per one mitochondrion (Giles et al., 1980; Michaels et al., 1982; King and Attardi, 1989; Evans et al., 1999) . On the whole all the mtDNA copies are exactly genetically identical (cellular homoplasmy). In contrast, the number of mtDNA molecules in a single mature recipient oocyte arrested at metaphase II stage, which has the largest amount of mitochondria in the cytoplasm, is about 1.6 × 10 5 in mice (Hauswirth and Laipis, 1985; Steuerwald et al., 2000) , 2.5 × 10 5 in cattle (Michaels et al., 1982; Hauswirth and Laipis, 1985) and 3-8 × 10 5 in humans (Hauswirth and Laipis, 1985; Barritt et al., 2002) . That is why, in the hybridic cytoplasmic microenvironment of reconstructed embryo, the mitochondrial heteroplasmy reaches the critical level of heterogenous sequence variants of DNA. Such changes may be neutral, and may not cause developmental embryonal and foetal anomalies. However, they can also evoke functional disturbances of the mitochondria, and thereby lethal anatomical and histopathological defects in the foetal and extrafoetal (placental) tissues, resulting from intracellular respiration faults (Capaldi, 1990; Pfanner and Neupert, 1990; Cummins, 1998; Jansen, 2000b; Leonard and Schapira, 2000, 2001a,b; Steinborn et al., 2000 Steinborn et al., , 2002 Brüggerhoff et al., 2002; Brenner, 2004; St. John et al., 2004b; Van Blerkom, 2004) . The frequency of heteroplasmic mutagenesis, measured with polymorphic variation of mtDNA sequences undoubtedly depends on abnormalities in the reprogramming process of the epigenetic modifications of the nuclear and mitochondrial genome. These epimutations can lead to excessive gene silencing or gene expression (transcription), in particular in those mtDNA segments which encode information about protein components of the electron transport chain, e.g., in ND1 to ND3 (NADH dehydrogenase) genes or in COXII (cytochrome c oxidase) gene (Lightowlers et al., 1997; Shitara et al., 1998; Trounce, 2000; Cummins, 2001a; Rideout III et al., 2001; Surani, 2001; Hiendleder et al., 2004; St. John et al., 2004a) .
SEGREGATION PATTERNS OF NUCLEAR DONOR AND RECIPIENT OOCYTE MITOCHONDRIAL GENOTYPES (MITOTYPES) IN CLONED EMBRYOS

Conservation of uniparental (maternal) inheritance of the mitochondrial genome or aberrant (heteroplasmic) mtDNA transmission (i.e. biparental inheritance) in nuclear-transferred embryos.
The distribution of mtDNA heteroplasmy in NT bovine embryos and resultant offspring was investigated by measuring the polymorphism in the displacement loop region of mtDNA using polymerase chain reaction-mediated single-strand conformation polymorphism analysis (PCR-SSCP; Takeda et al., 1999) . Most offspring (20 of 21 cloned calves) derived from embryos reconstituted with recipient oocytes of undefined mitochondrial DNA genotypes showed different genotypes (haplotypes) from the mtDNA of donor cells. One calf that was an exception showed heteroplasmy, including the donor mtDNA genotype. Six cloned calves were produced from oocytes of a defined mtDNA genotype (haplotype). All of these clonal members and various tissues showed only the mtDNA genotype originating from the enucleated oocyte (cytoplast). The most likely explanation of this phenomenon is that the mtDNA from donor cells was eliminated during early embryonic development. The mtDNA genotypes of the NT embryos recovered immediately after blastomere-cytoplast fusion were heteroplasmic, consistent with the view that mtDNAs from both donor cells and recipient oocytes were present. However, the level of donor mitochondrial genome gradually decreased at the four-to eight-cell cleavage stages and was hardly detectable by the blastocyst stage. During bovine embryonic development, mitochondria, which are semiautonomous organelles capable of independent interphase duplication (biogenesis) in consequence of their own DNA autoreplication at G2 stage of cell cycle (in contradistinction to nuclear DNA undergoing replication at S phase of division cycle), show extensive morphological transformation associated with intensive nucleologenesis and/or nucleolar architecture reconstruction (Plante and King, 1994) . These results are contrary to the studies on the fate of mtDNA throughout preimplantation development of mouse embryos (Piko and Taylor, 1987) . It has been confirmed that there is no mtDNA semiconservative replication until the blastocyst (approx. 100-cell) stage of murine embryogenesis. Thus, each of the 20 cells of the inner cell mass (ICM) that ultimately develop into the foetal body contains about 1000 copies of mtDNA, which are probably inherited from the oocyte cytoplasmic environment. Analysis of the initiation of mtDNA transcription and autoreplication during preimplantation development of mouse embryos revealed that both these processes are regulated by nuclear genome-encoded transcription factors that are imported into the mitochondria of embryonic cells (Clayton, 2000) . Transcription proceeds from the 2-blastomere stage in the developing mouse embryos although the number of mitochondrial genome copies is constant until the blastocyst stage (Piko and Taylor, 1987; Cummins, 2002; Brenner, 2004) . The proportion of mitochondrial genome (measured with the mtDNA copy number per both each mitochondrion and each blastomere) is probably maintained by nuclear respiratory factor (NRF)-1, whose synthesis is dependent on the metabolic activity of whole murine embryo (Clayton, 1998; Huo and Scarpulla, 2001) . It has been shown that the homozygous mouse embryos with targeted disruption of NRF-1 gene exhibit a decrease of pre-and/or peri-implantation survival rate (high lethality degree) and are able to develop to day 6.5 of embryogenesis (Huo and Scarpulla, 2001) . Moreover, there is continual dilution of the mitochondrial genome fractions, which are transmitted to each new cleavage division-descended blastomere, until the mtDNA replicative activity is induced post implantation. One of the most important regulators of the mtDNA autoreplication is mitochondrial transcription factor A (mtTFA) that has a strong affinity for the conserved sequence block (CSB)-1 of the D-loop and by binding to the control region is involved in the initiation of heavy-strand DNA synthesis (Ghivizzani et al., 1993 (Ghivizzani et al., , 1994 Larsson et al., 1994; Clayton, 2000) . It has been also demonstrated that the mitochondrial genome of homozygous murine embryos with one allele knock-out of the mtTFA gene has severe DNA depletion. That is why the survival rate of these transgenic embryos persists no longer than to day 10.5 of development. This is in contrast with heterozygous genetically engineered offspring that phenotypically exhibit symptoms of cardiomyopathy, a severe debilitating disorder of the mtDNA (Larsson et al., 1998) .
However, in bovine embryos, mitochondrial ultrastructuro-functional maturation, involving among others the resumption of transcriptional activity of mtDNA genes, begins at the eight-blastomere stage and is complete by the blastocyst stage. King et al. (1996) reported that, in bovine cloned embryos, mature mitochondria that were probably carried along with the donor cells were observed at the one-to four-cell stages. That is why it is speculated that mature autoreplicating mitochondria, transferred with nuclear donor embryonic or somatic cells into recipient ooplasts, may be broken down in the blastomere cytoplasm of reconstituted embryos during the above mentioned morphological transformation and genomic maturation of mitochondria during preimplantation embryogenesis (Takeda et al., 1999; Do et al., 2001; Meirelles et al., 2001) .
Molecular mechanisms of cytoplasmic (mitochondrial) inheritance in embryos derived from nuclear-transferred and fertilized oocytes -similarities and/or differences.Results of the examinations by Takeda and co-workers (1999) indicate that the genotype (haplotype) of mtDNA from recipient oocytes (originating from maternal inheritance and probably also undergoing the epigenetic mechanisms of parental genome imprinting analogous to the ones taking place in nuclear genetic apparatus) may become the dominant category of mtDNA in calves derived by nuclear transfer performed using the electrofusion technique. This spontaneous process of removal (intracellular degradation) of the mitochondrial genome of exogenous origin (from nuclear donor cells) in the hybridic cytoplasmic microenvironment of blastomeres, (known as the nulling/zeroing of the DNA heterogeneity phenomenon inside the intracellular mitochondria population), can be a defensive (immunological) reaction of clonal embryos against the heteroplasmic mutagenesis of mtDNA. It thus prevents resultant negative effects of improper epigenetic reprogramming of donor nuclear and mitochondrial DNA. It also avoids disturbances in the preservation of the correct genetic apparatus methylation pattern in the parental (paternal or maternal) genome imprints (Kikyo and Wolffe, 2000; Renard et al., 2002; Mann et al., 2003; Cummins, 2004; Hiendleder et al., 2004; St. John et al., 2004a,b; Sutovsky, 2004) . Thus, it is similar to the scenario of molecular events occurring in the activated oocyte following in vivo or in vitro monospermic fertilization. Before the zygote has reached the late pronuclear stage (in intraspecific crossings of mice) or after the zygote has cleaved several times (in livestock species), mtDNA heteroplasmy is erased by the mechanism of sequential destruction and exclusion of the sperm mtDNA from the cytoplasm of embryonic cells (Kaneda et al., 1995; Sutovsky et al., 1996; Shitara et al., 2001; Vissing, 2002, 2003) . The mtDNA therefore shows inheritance by predominantly maternal cytoplasmic exchange (Gyllensten et al., 1985; Cummins, 1998; Brenner, 2004) . In other words, the mitochondrial genome is inherited homoplasmically through selective elimination (segregation) of mtDNA molecules of paternal origin (from spermatozoon midpiece) by the late pronuclear stage in murine embryos (Kaneda et al., 1995; Shitara et al., 1998) , and before the 8-blastomere stage in bovine nad rhesus macaque embryos (Sutovsky et al., 1999 (Sutovsky et al., , 2000 Johns, 2003) . For that reason, only the oocyte-derived mitochondria are assumed to be transmitted to the offspring (Shitara et al., 2001; Schwartz and Vissing, 2002) . This species-specific mechanism of sperm (and probably somatic or embryonic donor cell) mitochondria "ousting", resulting in intracellular prevention, neutralization, or inhibition of the paternal mtDNA "leakage" phenomenon in dividing fertilized ova (zygotes) or nuclear-transferred embryos, is presumably caused by a ubiquitin-tagging system and subsequent proteasomal or lysosomal degradation of these ubiquitinated (previously ubiquitin-tagged) organelles (Sutovsky et al., 1999 (Sutovsky et al., , 2000 Do et al., 2001 Do et al., , 2002 Chen et al., 2002; Hiendleder et al., 2003; Schwartz and Vissing, 2003; Sutovsky, 2004) .
THE PROBLEM OF "IDEAL" MAMMALIAN CLONE CREATION
In conclusion, it is worth noting that when cloning both embryos and adult individuals, what is often forgotten is the presence in the cytoplasm of donor-and recipient-cells of mtDNA, which is certain to contain small (approximately 0.01%) amounts of total cell genetic information, but it is different from information recorded in the nuclear DNA (99.99% of the cellular genome; Smith and Alcivar, 1993; Meirelles and Smith, 1998; Evans et al., 1999; Takeda et al., 1999; Howell et al., 2000; Jansen, 2000a) . If the relative largeness of the mitochondrial genome, enclosed in the circular DNA molecule, is measured with the quantitative ratio/ proportion of base pairs of nucleotide sequences in genomic double-stranded DNA α-helix, it is approximately 0.0005% of the nuclear genome (Lightowlers et al., 1997; Garesse and Vallejo, 2001) . In this respect, introduction of a donor cell nucleus into the oocyte derived from another individual leads to the generation of hybridic (in terms of genetic mitochondrial apparatus) reconstructed oocytes, which evidently can have a certain influence on the genotype and phenotype identity of the offspring produced by cloning. The "ideal" clone can be obtained only with donor cell nucleus transplanted into the oocyte originating from the same individual; therefore the "ideal mammalian clones" can be only the clones of females whose overall mitochondrial genome should have a completely homogenous pattern of regulatory (intron-like or pseudogene) and coding (exon) nucleotide sequences of all the cellular mtDNA copies in all the somatic and germ cell lines (Steinborn et al., 2000; Brüggerhoff et al., 2002; Takeda et al., 2003) . The characteristic feature of such clone populations is the occurrence of both intracellular and intercellular variants of mitochondrial homoplasmy among all of their own tissues. An exception is the so-called "mtDNA heteroplasmy hot places", e.g., in hair epidermal cells, which are very susceptible to spontaneous point mutations (as a result of high frequency of purine and pyrimidine base substitution), particularly, in the control segment of the displacement loop (Do et al., 2001 (Do et al., , 2002 Meirelles et al., 2001; Hiendleder et al., 2003 Hiendleder et al., , 2004 .
